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PREFACE 

The work reported herein was conducted by the Arnold 
Engineering Development Center (AEDC), Air Force Systems 
Command (AFSC), under Program Element 65807F. The results 
presented in this report were obtained by ARO, Inc. (a sub- 
sidiary of Sverdrup & Parcel and Associates, Inc.), contract 
operator of AEDC, AFSC, Arnold Air Force Station, Tennessee. 
The work was done under ARO Project No. PS2S-21A. The 
authors of this report were Dennis D. Horn and Richard T. 
Smith, ARO, Inc. The manuscript (ARO Control No. ARO-PWT- 
TR-75-85) was submitted for publication on June 20, 1975. 
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1.0 INTRODUCTION 

I n  1967 ,  t h e  A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  
(AEDC), A i r  F o r c e  S y s t e m s  Command (AFSC),  c o n t r a c t e d  w i t h  
E l e c t r o - O p t i c a l  S y s t e m s ,  I n c .  (EOS) t o  s t u d y  a n d  d e v e l o p  an  
u n t r a h i g h - p r e s s u r e a r c h e a t e r  ( R e f s .  1 and  2 ) .  T h i s  e f f o r t  
r e s u l t e d  i n  t h e  d e l i v e r y  o f  a c o n s t r i c t e d - c h a n n e l ,  s e g m e n t e d  
a r c  h e a t e r  t o  AEDC i n  1 9 6 9 .  The s p e c i f i c  g o a l  f o r  t h i s  d - c  
a r c  h e a t e r  was t o  h e a t  a i r  t o  3 , 8 3 0  B t u / l b  b u l k  e n t h a l p y  a t  
200 arm c h a m b e r  p r e s s u r e  w i t h  a p o w e r  i n p u t  o f  5 MW. The 
r e s u l t s  o f  o p e r a t i n g  t h i s  h e a t e r  t h r o u g h  J u n e  1970 a t  AEDC 
a r e  p r e s e n t e d  i n  R e f .  3 .  V a r i o u s  h a r d w a r e  p r o b l e m s  p r e v e n t e d  
s t a b l e  o p e r a t i o n  a b o v e  25 a rm .  

This heater was extensively modified and experimental 
efforts were resumed during Fiscal Year 1972 (FY72). There- 
after, this modified heater was referred as the 5-MW Segmented 
Arc Heater. The specific objectives were to operate the 
heater on air at chamber pressures of 25, 50, 80, and I00 atm, 
and obtain steady-state bulk enthalpies at arc current levels 
of 400, 500, and 600 amp. The results of operating the heater 
during FY72, 73, and 74 are presented in detail in Ref. 4. 
The highest pressure at which the heater was tested during 
that test series was 104 atm. 

The r e s u l t s  o f  t e s t i n g  t h e  5-MW s e g m e n t e d  a r c  h e a t e r  
d u r i n g  FY75 a r e  r e p o r t e d  h e r e i n .  The s p e c i f i c  o b j e c t i v e s  
o f  t h i s  e f f o r t  w e r e  t o  o b t a i n  p e r f o r m a n c e  d a t a  a t  c h a m b e r  
p r e s s u r e s  up t o  150 a t m ,  t o  make an e n d u r a n c e  r u n  up  t o  
1 min  l o n g  a t  a p r e s s u r e  l e v e l  o f  a t  l e a s t  100 a rm,  a n d  t o  
p r o v i d e  h a r d w a r e  d e s i g n  c r i t e r i a  f o r  a l a r g e - s c a l e  s e g m e n t e d  
a r c  h e a t e r .  The  l o n g - r a n g e  o b j e c t i v e s  o f  t h e  5-MW s e g m e n t e d  
a r c  r e s e a r c h  e f f o r t  w e r e  t o  p r o v i d e  p e r f o r m a n c e  and  d e s i g n  
d a t a  i n  s u p p o r t  o f  t h e  l a r g e - s c a l e  s e g m e n t e d  h e a t e r  a n d  t o  
u p g r a d e  and  make a v a i l a b l e  an o p e r a t i o n a l  v e r s i o n  o f  t h e  5-MW 
s e g m e n t e d  a r c  h e a t e r  f o r  u s e r  a b l a t i o n  t e s t i n g  and  i n - h o u s e  
r e s e a r c h .  

2.0 TEST FACILITY AND PROCEDURE 

The tests were conducted in the 5-MW Research Arc 
Heater Unit of the Propulsion Wind Tunnel Facility (PWT), 
AEDC. 

2.1 ELECTRIC POWER AND OTHER UTILITIES 

E l e c t r i c  p o w e r  was  s u p p l i e d  t o  t h e  a r c  h e a t e r  t h r o u g h  
a s e r i e s  o f  t r a n s f o r m e r s  and  an i g n i t i o n  r e c t i f i e r .  The 
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characteristics of this d-c supply are shown in Fig. I. 
Ballast resistance up to 9.3 ohms was added as necessary to 
provide current control and improve arc stability. High- 
pressure air (up to 4,000 psia) was supplied by the AEDC von 
K~rman Gas Dynamics Facility (VKF) either from a storage 
bottle or directly from compressors, through a pressure 
control and metering station. Demineralized cooling water 
was supplied to the arc heater by two centrifugal pumps, 
e a c h  r a t e d  a t  1 2 0  gpm a t  1 , 2 0 0  p s i g .  Raw w a t e r  f o r  n o z z l e  
c o o l i n g  w a s  s u p p l i e d  b y  a c e n t r i f u g a l  pump  r a t e d  a t  2 0 0  gpm 
a t  1 , 2 0 0  p s i g .  

I0000 

9000 

9 0 0 0  

7000 

6000 

. 5000 I,, 

0 > 4000 

ZI000 

2000 

I 0 0 0  

0 
0 I00 2o0 3o0 4oo 500 600 700 8oo 

CURRENT, omp 

Figure 1. Characteristics of the A E D C  nominal 5-MW power supply. 
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2.2 INSTRUMENTATION 

S t r a i n - g a g e  t r a n s d u c e r s ,  t h e r m o c o u p l e s ,  v o l t a g e  d i v i d e r s ,  
c u r r e n t  t r a n s d u c e r s ,  a n d  t u r b i n e - t y p e  f l o w m e t e r s  w e r e  s e n s o r s  
f o r  t h e  p r e s s u r e s ,  t e m p e r a t u r e s ,  a r c  v o l t a g e  a n d  c u r r e n t ,  a n d  
c o o l i n g - w a t e r  f l o w s .  T h e s e  p a r a m e t e r s  w e r e  r e c o r d e d  on  s t r i p  
c h a r t  r e c o r d e r s  f o r  s t e a d y - s t a t e  v a l u e s ;  t r a n s i e n t  a n d  r e d u n -  
d a n t  p a r a m e t e r s  w e r e  r e c o r d e d  on o s c i l l o g r a p h s .  A i r  m a s s  f l o w  
r a t e  was  m e a s u r e d  u s i n g  a c h o k e d  v e n t u r i  w h i c h  w a s  c a l i b r a t e d  
b y  f l o w i n g  a i r  i n t o  a t a n k  a n d  w e i g h i n g  on  p r e c i s i o n  s c a l e s .  
C o n t r o l  r o o m  d a t a  w e r e  o b t a i n e d  f r o m  p a n e l  m e t e r s  a n d  s t r i p  
c h a r t  r e c o r d e r s .  C l o s e d - c i r c u i t  t e l e v i s i o n  w a s  u s e d  t o  m o n i -  
t o r  t h e  a r c  h e a t e r  a n d  m o d e l s  d u r i n g  o p e r a t i o n .  

Model instrumentation included a 0.25-in. nose radius 
null-point calorimeter, an impact pressure probe, anda total 
enthalpy probe (Ref. 5). These probes were swept through the 
heater effluent consecutively, using a five-position linear 
model injection system (Ref. 6). Model tips were positioned 
0.i in. downstream of the nozzle exit, and the sweep rate was 
approximately 32 in./sec. Surveillance of the heater, models, 
and effluent was done by the use of high-speed motion pictures. 

2.3 ARC HEATER 

The initial arc heater configuration used for this test 
series is shown in the photograph in Fig. 2 and the schematic 
in Fig. 3. Operating configurations prior to FY75 are 

Figure 2. 5-MW segmented arc heater. 
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Figure 3. Initial 5-MW segmented arc heater configuration. 
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described in detail in Ref. 4. The heater consisted of a 
constrictor channel made up of water-cooled copper segments 
separated by 0.081-in.-thick boron nitride insulators. 
The channel had an internal diameter of 0.934 in. and 
consisted of 55 segments, including three tapered segments 
and an air injection ring at each end. The straight portion 
of the channel contained ten AEDC-welded segments 0.187 in. 
wide and 37 AEDC-silver-soldered segments 0.250 in. wide 
(see Fig. 4). 

Nots All Dimensions in Inches 

• -1 ~'O. 18"/ 
r~ 

Silver- ~'-' 

Solder . ,  

L . . . . .  

f j  

r, 
r #  

r #  

a. Original EOS 
configuration 

-4 I-.-O. 187 

W0:n' t 

b. AEDC welded 
construction 

-4 I-0.250 

E 
t ~Silver-Solder 

Joint 
Z 

O. 934 Diam 

ol 

c. AEDC silver- 
soldered 
construction 

Figure 4. Various segment designs used on the 5-MW segmented arc heater. 

A r i n g  e l e c t r o d e  l o c a t e d  a t  t h e  u p s t r e a m  e n d  o f  t h e  
c h a n n e l  s e r v e d  a s  t h e  a n o d e .  A m a g n e t i c  c o i l ,  e n c a p s u l a t e d  
i n  p l a s t i c  a n d  c o n s i s t i n g  o f  e i g h t  t u r n s  o f  s q u a r e  c o p p e r  
t u b i n g ,  f o r m e d  t h e  e x t e r n a l  p a r t  o f  t h e  e l e c t r o d e  r i n g  
a s s e m b l y .  A new  c a t h o d e  a s s e m b l y  l o c a t e d  a t  t h e  d o w n s t r e a m  
e n d  o f  t h e  c h a n n e l  c o n t a i n e d  a s h o r t  t u b u l a r  e l e c t r o d e  
s u r r o u n d e d  b y  a h a n d - w o u n d  m a g n e t i c  c o i l  o f  a p p r o x i m a t e l y  
15  t u r n s  o f  i n s u l a t e d ,  w a t e r - c o o l e d  c o p p e r  t u b i n g .  
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T h e  c o i l s  w e r e  e l e c t r i c a l l y  c o n n e c t e d  i n  s e r i e s  w i t h  t h e  a r c  
c o l u m n ;  t h e  p o l a r i t y  w a s  s e l e c t e d  t o  a u g m e n t  t h e  a i r  s w i r l  
a n d  s t i m u l a t e  r o t a t i o n  o f  t h e  a r c  t e r m i n a t i o n  o n  t h e  e l e c t r o d e s .  
T h e  h e a t e r  w a s  o p e r a t e d  w i t h  r e v e r s e d  p o l a r i t y  t h r o u g h o u t  t h e  
t e s t  s e r i e s ,  i . e . ,  t h e  a n o d e  w a s  t h e  u p s t r e a m  e l e c t r o d e .  T h e  
a x i a l  d i s t a n c e  b e t w e e n  e l e c t r o d e s  w a s  a p p r o x i m a t e l y  18 i n .  

F o u r  u p s t r e a m  s e g m e n t s  w e r e  p o s i t i o n e d  b e t w e e n  t h e  a n o d e  
a n d  e n d  p l a t e  a s s e m b l y ,  e a c h  e l e c t r i c a l l y  i n s u l a t e d  w i t h  b o r o n  
n i t r i d e  s p a c e r s .  T h e s e  s e g m e n t s ,  c o u p l e d  w i t h  t a n g e n t i a l  a i r  
i n j e c t i o n  a t  t h e  e n d  p l a t e  l i n e r ,  p r e v e n t e d  a r c  a t t a c h m e n t  o n  
t h e  e n d  p l a t e .  Two d o w n s t r e a m  s e g m e n t s  p r o v i d e d  a t r a n s i t i o n  
s e c t i o n  f o r  t h e  f l o w  e n t e r i n g  t h e  n o z z l e  t h r o a t .  T h e  c o n i c a l  
n o z z l e  h a d  a 0 . 2 1 5 - i n .  t h r o a t  d i a m e t e r  a n d  a 0 . 4 0 0 - i n .  e x i t  
d i a m e t e r .  A i r  w a s  i n t r o d u c e d  a t  t h e  u p s t r e a m  a n d  d o w n s t r e a m  
a i r  i n j e c t i o n  r i n g s  a n d  a t  t h e  e n d  p l a t e  l i n e r  i n  v a r i o u s  
r a t i o s  c o n t r o l l e d  b y  o r i f i c e s  i n  t h e  s u p p l y  l i n e s  a s  i n d i c a t e d  
i n  T a b l e  2 .  S w i r l  d i r e c t i o n  f o r  a l l  a i r  s t a t i o n s  w a s  c l o c k -  
w i s e  l o o k i n g  d o w n s t r e a m .  

T h e  c o n f i g u r a t i o n  c h a n g e s  m a d e  t o  t h e  h e a t e r  a t  t h e  
b e g i n n i n g  o f  t h i s  t e s t  s e r i e s  w e r e  a s  f o l l o w s :  

1 .  T h e  e n d  p l a t e  a s s e m b l y  w a s  m o d i f i e d  t o  
i n c l u d e  a n  i n s p e c t i o n  p l a t e .  T h i s  a l l o w e d  
t h e  i n n e r  l i n e r  t o  b e  r e m o v e d  f o r  i n - p l a c e  
i n s p e c t i o n  o f  t h e  u p s t r e a m  p o r t i o n  o f  t h e  
a r c  h e a t e r .  

2 .  A new  c a t h o d e  a s s e m b l y  ( d e s c r i b e d  a b o v e )  
w a s  i n s t a l l e d  t o  p r o v i d e  a m o r e  d u r a b l e  
e l e c t r o d e  s u r f a c e ,  t o  l o w e r  e r o s i o n  r a t e s ,  
a n d  t o  a l l o w  i n - p l a c e  i n s p e c t i o n  o f  t h e  
d o w n s t r e a m  e n d  o f  t h e  h e a t e r .  T h e  f l a n g e  
o n  t h e  u p s t r e a m  e n d  o f  t h e  c a t h o d e  a s s e m b l y  
w e r e  u s e d  t o  h o l d  t h e  h e a t e r  t o g e t h e r  w h i l e  
t h e  n o z z l e  a n d  d o w n s t r e a m  s e g m e n t s  w e r e  
r e m o v e d  f o r  i n s p e c t i o n .  

Subsequent modifications and configuration changes are 
covered in Section 3.0. 

2.4 PROCEDURE 

2.4.1 Pretest Procedure 

T h e  a r c  h e a t e r  w a s  i n s t a l l e d  on  t h e  t e s t  s t a n d ;  a l l  a i r ,  
w a t e r ,  a n d  i n s t r u m e n t a t i o n  c o n n n e c t i o n s  w e r e  c o m p l e t e d ;  a n d  
t h e  i n s t r u m e n t e d  p r o b e s  w e r e  a l i g n e d  t o  t h e  n o z z l e  e x i t .  
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T e s t  v o l t a g e  w a s  t h e n  a p p l i e d  t o  e n s u r e  t h a t  e x t e r n a l  i n s u l a -  
t i o n  w a s  a d e q u a t e  up  t o  1 2 . 5  k v .  T h e  h e a t e r  c h a m b e r  w a s  
c o n n e c t e d  t o  a v a c u u m  s y s t e m  by  a b r e a k a w a y  s e a l  a t  t h e  n o z z l e  
e x i t .  T h e  h e a t e r  w a s  c h e c k e d  f o r  g a s  l e a k s  w i t h  t h e  p r e s s u r e  
m a i n t a i n e d  a t  a l e v e l  n e a r  1 mm Hg.  T e s t . v o l t a g e  was  a g a i n  
a p p l i e d  t o  e n s u r e  t h a t  s t a r t i n g  b r e a k d o w n  v o l t a g e  w i t h i n  t h e  
h e a t e r  w a s  b e l o w  8 k v .  C o o l i n g  w a t e r  w a s  s u p p l i e d  t o  t h e  
h e a t e r  a t  t h e  s c h e d u l e d  o p e r a t i n g  p r e s s u r e  a n d  f l o w  r a t e ,  a n d  
a l e a k  c h e c k  o f  a l l  c o o l i n g  c o m p o n e n t s  was  p e r f o r m e d .  T h e  
w a t e r  s y s t e m  w a s  t h e n  s e c u r e d ,  a n d  r o u t i n e  i n s t r u m e n t a t i o n  
a n d  a u x i l i a r y  s y s t e m  p r e o p e r a t i o n a l  p r o c e d u r e s  w e r e  c o m p l e t e d .  
T h e  v a c u u m  was  m a i n t a i n e d  t h r o u g h o u t  t h e  p r e t e s t  p r o c e d u r e s .  
T h e  r e g u l a t e d  a i r  s u p p l y  w a s  p r e s e t  f o r  t h e  p r e s s u r e  r e q u i r e d  
f o r  t h e  r u n ,  a n d  t h e  e l e c t r i c a l  l e a d s  w e r e  a t t a c h e d  t o  t h e  
h e a t e r .  T h e  h e a t e r  was  t h e n  r e a d y  f o r  o p e r a t i o n .  

2.4.2 Starting and Operating Procedure 

The transformer tap position was set for the scheduled 
power level. The cooling-water systems were energized manually, 
proper flow rates established, and interlocks set. After 
checking the regulated air pressure and heater vacuum, the 
instrument recording systems were started. Electrical power 
to the heater was energized. When breakdown occurred and 
current was established, the air valve was opened automatically 
using the signal from a current-sensing device. Time required 
from arc initiation to full pressurization was about 1.5 sec. 
Nearly 8 to 10 sec were required for cooling water tempera- 
tures to stabilize for an energy balance. Models were 
injected as required during heater operation. For a normal 
shutdown, power termination automatically closed the air valve; 
then, cooling water and other support systems were manually 
secured. The heater conditions were preset for all runs and 
were not adjusted during any given run. 

3.0 TEST DESCRIPTION AND RESULTS 

3.1 RUN SUMMARY 

Test summaries for the experimental effort are shown in 
Tables 1 and 2. Table 1 provides a summary of the test condi- 
tions and resulting heater performance and model data. Table 2 
is a summary of test objectives, hardware configurations, and 
general remarks. 

T h e  h e a t e r  w a s  i n i t i a l l y  o p e r a t e d  on  O c t o b e r  1 0 ,  1 9 7 4 .  
T h e  h a r d w a r e  c o n f i g u r a t i o n  was  d e s c r i b e d  i n  S e c t i o n  2 . 3  a n d  i s  
s h o w n  i n  F i g .  3 .  A s h a k e d o w n  r u n  (Run  1 )  was  m a d e  a t  5 0 . 5  a t m  
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chamber pressure, and energy balance runs (Runs 2 and 3) were 
made at 58.5 and 107 atm, respectively, to verify proper 
operation of the arc heater and to check the instrumentation 
by comparing the data with previous runs reported in Ref. 4. 

Runs 4, 5, 6, and 7 were made at chamber pressures of 
124, 130, 153, and 171 atm, respectively, in an effort to 
extend the operating pressure range of the segmented arc 
heater. Run 4 was a checkout run of 5.2 sec. Runs 5 and 6 
were energy balance runs of 12 sec each and were so successful 
that disassembly of the heater was not required after either 
run. On Run 7 a channel segment failed at 2.8 sec, and the 
run was terminated at 3.1 sec. The chamber was fully pressur- 
ized after 1.7 sec, and at 2.0 sec a pressure pulse (lasting 
0.05 sec) resulted in a momentary peak pressure of 186 arm 
in the heater. The inside walls of six channel segments 
partially collapsed from the pressure load. These segments 
were designed for a maximum gas pressure of 125 atm. 

Runs 8 through ii were made with a standard tubular 
Linde-type anode assembly adapted to the segmented arc heater 
(see Fig. 5). The purpose of this modification was to deter- 
mine operational feasibility of a proven anode configuration 
and to evaluate heater performance. The effective arc length 
of the heater with this anode was about 24 in. This was 
accomplished by replacing all hardware upstream of the straight 
channel with the new anode assembly, body shell, air injector 
ring, and a body-to-segment transition piece. Runs 8 and 9 
were shakedown runs with the new configuration. Run 8 resulted 
in an external insulation breakdown. Run 9 was a successful 
5-sec run at 55 atm. An energy balance run (Run I0) was then 
made at 60 atm. The heater operation was normal for 6.6 sec, 
then the arc length shortened and the anode attachment relocated 
at the downstream end of the tube. Stable energy balance data 
points were recorded for both modes of operation and are 
presented in Table I, Runs i0-I and 10-2. No damage resulted 
from either mode of operation. Run II was an energy balance 
attempt at 102 atm; however, at 4.3 sec, three channel segments 
failed. No other damage occurred, and heater operation appeared 
normal prior to the segment failure. 

At this point, the Linde-type anode configuration was 
replaced with the original ring anode (Fig. 3) in preparation 
for the evaluation of a new prototype segment design planned 
for the large segmented arc heater currently under design at 
AEDC. Runs 12 and 13 were check runs to ensure the heater was 
operating properly before the prototype segments were installed. 
Run 12 was inadvertently terminated at I.I sec. On Run 13, an 
energy balance was obtained at 107-arm chamber pressure with 

]9 ,. 



. ~ f~ 

FLANGE 

CATHODE 
ASSEMBLY- 

DOWNSTREAM 
AIR 

INJECTION 

, FLOW 

~ J  ~I.IPSTREAM 
AIR INJECTION RING 

-,CHANNEL 
SEGMENTS INSULATED 

ASSEMBLY 
BOLTS 

Figure 5. 5-MW segmented arc heater with Linde-type 
tubular anode assembly. 



AE DC-T R-75-127 

no p r o b l e m s  e n c o u n t e r e d .  The p u r p o s e  o f  Runs 14,  15,  and  16 
was t o  e v a l u a t e  t h e  new p r o t o t y p e  s e g m e n t  d e s i g n  ( s e e  F i g .  6 ) .  
The m a j o r  i m p r o v e m e n t s  i n  t h e  p r o t o t y p e  s e g m e n t s  i n c l u d e d  
( 1 )  r a d i a t i o n  s h i e l d i n g  o f  t h e  i n s u l a t o r s  b e t w e e n  s e g m e n t s ,  
( 2 )  t h i c k e r  s e g m e n t  w a l l s  t o  w i t h s t a n d  h i g h e r  g a s  p r e s s u r e ,  
and  ( 3 )  p r o v i s i o n  f o r  a i r  i n j e c t i o n  b e t w e e n  s e g m e n t s .  T h r e e  

L 
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"0 

MYKROY INSU S 
/ 

FLOW 

PR( 
SE 

i 

/ 

/ 

Figure 6. Prototype segment configuration. 

new prototype segments were installed (Fig. 6) on Run 14. 
The heater was operated for 8 sec at 104-atm pressure. In 
general, the prototype segments were undamaged except for 
some minor erosion which occurred on one prototype segment, 
indicating some local arcing at the wall. An energy balance 
attempt on Run 15 resulted in a channel segment failure at 
130 atm after 2.4 sec. Also, the wall of two of the prototype 
segments partially collapsed. Since defects had occurred 
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d u r i n g  f a b r i c a t i o n ,  t h e  t h r e e  p r o t o t y p e  s e g m e n t s  w e r e  r e p l a c e d  
w i t h  t w o  new  p r o t o t y p e  s e g m e n t s  a n d  a s t a n d a r d  c h a n n e l  s e g m e n t ~  
A s u c c e s s f u l  e n e r g y  b a l a n c e  w a s  m a d e  ( R u n  1 6 )  f o r  10  s e c  a t  
1 3 2  a r m .  T h e  p r o t o t y p e  s e g m e n t s  w e r e  u n d a m a g e d ,  a n d  t h e  
g e n e r a l  c o n d i t i o n  o f  t h e  h e a t e r  a f t e r  t h e  r u n  w a s  g o o d .  

T h e  f i n a l  r u n  o f  t h i s  t e s t  s e r i e s  w a s  a n  e n d u r a n c e  r u n  
a t  1 0 5 - a r m  c h a m b e r  p r e s s u r e .  T h e  p u r p o s e  w a s  t o  v e r i f y  t h a t  
l o n g e r  r u n s  w i t h  t h e  s e g m e n t e d  a r c  a t  h i g h  p r e s s u r e s  a r e  
f e a s i b l e ,  t o  d e t e r m i n e  i f  a d e g r a d a t i o n  o f  p e r f o r m a n c e  o c c u r r e d  
w i t h  t i m e ,  a n d  t o  v e r i f y  t h a t  p r e v i o u s  r u n s  o f  8 t o  1 2  s e c  w e r e  
o f  s u f f i c i e n t  l e n g t h  t o  o b t a i n  v a l i d  e n e r g y  b a l a n c e s  f o r  t h e  
s e g m e n t e d  a r c .  T h e  h e a t e r  r a n  s u c c e s s f u l l y  f o r  60  s e c ,  a n d  
t h e  g e n e r a l  c o n d i t i o n  o f  t h e  h e a t e r  w a s  e x c e l l e n t  a f t e r  t h e  r u n .  
M o d e r a t e  e r o s i o n  o f  t h e  a n o d e  r i n g  w a s  e v i d e n t  a f t e r  t h e  r u n .  

3.2 ARC HEATER DATA 

3,2.1HeaterPerformanceand Data Correlation Progrem 

M e a s u r e d  b u l k  e n t h a l p i e s  f o r  t h e  5-MW s e g m e n t e d  a r c  
h e a t e r  a r e  s h o w n  i n  F i g .  7 f o r  v a r i o u s  c h a m b e r  p r e s s u r e s  a n d  
e l e c t r ± c a l  c u r r e n t s °  D a t a  f r o m  F Y 7 2 ,  7 3 ,  a n d  74  a r e  i n c l u d e d  
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Figure 7. 5-MW segmented arc heater performance data. 
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to provide a more complete data history of the heater. Also, 
since the heater was operated in a new test location with 
different instrumentation during FY75, it was desirable to 
verify that the performance data would repeat. Several FY75 
data points near 60 atm and 105 atm show excellent repeat- 
ability with previous data. Measured performance ranged from 
about 5,700 Btu/lb at 60 atm to 3,500 Btu/ib at 153 atm. The 
Linde-type anode configuration did not show a significant 
improvement in enthalpy for the few runs attempted. 

A data correlation program was formulated by Aerotherm 
Division, Acurex Corporation, under AF Contract F40600-74-C- 
0015 (Ref. 7), based on previous energy balance data from the 
AEDC 5-MW segmented arc heater. This correlation was modified 
at AEDC to provide better agreement with the data and the 
following relationships were obtained: 

c o r r  

li 
C O T r  

(i-.~ 0"75 rhO.4 0.16S volts  
= .t3o V57 Po 

• I " 0 . 5 ,  I , 0 . 8 2 5  

(1) 

(2) 

The sonic flow enthalpy equation (Winovich, Ref. 8) was used 
in conjunction with Eqs. (1) and (2): 

--';~--- = 280 I l l  °'397 ( 3 ) 
A *  Po 

w h e r e  
L = arc channel length, in. 

D = channel bore diam, in. 

= air mass flow rate, ib/sec 

Po = total pressure, arm 

I = arc current, amp 

A* = sonic throat area, ft 2 

H s = enthalpy based on sonic flow 
equation, Btu/ib 

W i t h  t h e  c o r r e l a t i o n  e q u a t i o n s ,  e n t h a l p y  v a l u e s  w e r e  
c a l c u l a t e d  f o r  c u r r e n t s  o f  4 0 0 ,  5 0 0 ,  a n d  600 amp u s i n g  t h e  
g e o m e t r y  o f  t h e  5-MW s e g m e n t e d  a r c  h e a t e r .  T h e s e  v a l u e s  a r e  
s u p e r i m p o s e d  on  t h e  d a t a  i n  F i g .  7 .  I n  g e n e r a l ,  t h e  a g r e e -  
m e n t  i s  g o o d  b e t w e e n  t h e  m e a s u r e d  a n d  c a l c u l a t e d  e n t h a l p i e s .  
F u r t h e r  c o m p a r i s o n s  o f  e n t h a l p y ,  a r c  v o l t a g e ,  a n d  c h a m b e r  
p r e s s u r e  a r e  p r e s e n t e d  i n  F i g s .  8 a ,  b ,  a n d  c ,  r e s p e c t i v e l y .  
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Agreement is excellent between measured and calculated values 
of voltage and pressure and generally good for enthalpy. 
More data scatter was expected in enthalpy because a minimum 
of 5 input parameters is required to perform an energy balance. 
Calculated enthalpies were consistently higher than measured 
values for the 26 atm pressure runs (FY72 Runs 4, 6, and 7) 
and for the Linde-type anode runs. This leads to the conclu- 
sion that efficiencies for these runs were lower than predicted, 
since the voltage levels were as predicted. 
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In  o r d e r  t o  d e t e r m i n e  i f  t h e  W i n o v i c h  s o n i c  f l o w  e q u a t i o n  
( R e f .  8)  w e r e  v a l i d  f o r  t h i s  h e a t e r ,  a l o g a r i t h m i c  p l o t  o f  
m e a s u r e d  v a l u e s  o f  ~ / A * p  o v e r s u s  H o was  made  ( s e e  F i g .  9 ) .  
The  d a t a  s c a t t e r  was  r e l a t i v e l y  s m ~ l l  a n d  a l i n e a r  r e l a t i o n -  
s h i p  e v i d e n t .  The  e x p r e s s i o n  r e s u l t i n g  f r o m  a l e a s t  s q u a r e s  
l i n e a r  c u r v e  f i t  o f  t h e  d a t a  was  

- = 316 H j  0"414 ( 4 )  
A* Po 

This equation and the Winovich equation are superimposed on 
the data in Fig. 9. Either Eq. (S) or (4) can be used to 
calculate a reasonably accurate bulk enthalpy for this heater. 
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Figure 9. Comparison of arc heater data with 
sonic flow equation. 

3.2.2 Channel Segmen~ 
/ 

The  c h a n n e l  s e g m e n t  d e s i g n s  u s e d  i n  FY75 a r e  shown i n  
F i g .  4 .  The s e g m e n t  w i t h  t h e  s i l v e r - s o l d e r  c o n s t r u c t i o n  
( F i g .  4 c )  was  c o n s i d e r e d  s u p e r i o r  b e c a u s e  t h e  w a l l  e x p o s e d  
t o  g a s  p r e s s u r e  ( e x t e n d i n g  p a s t  t h e  g a s  s e a l )  was c o n t i n u o u s  
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a n d  a n y  w a t e r  l e a k s  w h i c h  d i d  o c c u r  w e r e  e x t e r n a l  t o  t h e  a r c  
h e a t e r .  H o w e v e r ,  t h e  a d d i t i o n a l  w i d t h  o f  u n s u p p o r t e d  i n n e r  
w a l l  m a d e  t h e s e  s e g m e n t s  m o r e  s u s c e p t i b l e  t o  w a l l  d e f o r m a t i o n  
a t  p r e s s u r e s  g r e a t e r  t h a n  1 0 0  a r m .  A p h o t o g r a p h  o f  a n o r m a l  
a n d  a p a r t i a l l y  c o l l a p s e d  w a l l  i s  s h o w n  i n  F i g .  1 0 .  No s e g -  
m e n t  p r o b l e m s  w e r e  e n c o u n t e r e d  u n t i l  t h e  1 7 1 - a t m  r u n  ( R u n  7 ) ,  

CONFIGURATION: Silver-Soldered (Fig. 4c) 

NORMAL WALL DEFORMED WALL 

Figure 10. Channel segment wall cross section. 

d u r i n g  w h i c h  s e v e r a l  s i l v e r - s o l d e r e d  s e g m e n t s  d e v e l o p e d  
p a r t i a l l y  c o l l a p s e d  w a l l s .  M o s t  o f  t h e  s e g m e n t  f a i l u r e s  
w h i c h  o c c u r r e d  o n  l a t e r  r u n s  w e r e  a t t r i b u t e d  t o  t h e  p a r t i a l  
s e g m e n t  d a m a g e  w h i c h  o c c u r r e d  o n  Run  7 .  T h e  w e l d e d  s e g m e n t s  
F i g .  4 b )  w e r e  n o t  d e f o r m e d  by  t h e  h i g h - p r e s s u r e  g a s ,  b u t  
w a t e r  l e a k s  w h i c h  d e v e l o p e d  a t  t h e  w e l d  j o i n t  w e r e  i n t e r n a l  
t o  t h e  h e a t e r .  I n  g e n e r a l ,  t h e s e  s e g m e n t s  w o u l d  n o t  w i t h -  
s t a n d  t h e  h i g h  h e a t i n g  r a t e s  r e q u i r e d ,  a n d  t h e r e f o r e ,  w e r e  
l o c a t e d  n e a r  t h e  u p s t r e a m  e n d  o f  t h e  c h a n n e l .  T h e  o r i g i n a l  
EOS s e g m e n t s  ( F i g .  4 a )  w e r e  u s e d  o n l y  a s  s p a r e s  o r  r e p l a c e -  
m e n t s  f o r  f a i l e d  o r  d a m a g e d  s e g m e n t s  w h i c h  o c c u r r e d  d u r i n g  
t e s t i n g .  T h e s e  s e g m e n t s  w e r e  v e r y  s u s c e p t i b l e  t o  w a t e r  
l e a k a g e  a t  t h e  s i l v e r - s o l d e r  j o i n t .  

A v e r a g e  m e a s u r e d  w a l l  h e a t  f l u x  o f  t h e  c h a n n e l  s e g m e n t s  
i s  s h o w n  i n  F i g .  11 f o r  a l l  r u n s  w h e r e  d a t a  w e r e  a v a i l a b l e .  
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Measurements of rise in water temperature at eight segment 
locations along the channel were used to determine average 
fluxes. Heat fluxes ranged from below 3,000 Btu/ft2-sec at 
50 arm to nearly 6,500 Btu/ft2-sec at 153 arm. Calculated 
heat fluxes based on the correlation program (Eqs. (I) and 
(2)) for arc currents of 400, 500, and 600 amp are also 
shown in Fig. ii. The agreement between calculated and 
measured heat fluxes was generally good. 
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To properly design a channel segment configuration, a 
realistic knowledge of the voltage gradient that must be 
sustained at the channel wall is essential. Measured and 
calculated values of the voltage gradient encountered for the 
5-.i~W segmented arc are shown in Fig. 12. The maximum mea- 
sured gradient was 372 v/in. at 171-arm chamber pressure. 
Correlation values were based on Eq. (I). The voltage gradi- 
ent was primarily a function of total pressure and only 
slightly affected by arc current. 
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Figure 12. Measured and predicted voltage gradient. 

3.2.3 Endurance Run 

As s t a t e d  i n  S e c t i o n  3 . 1 ,  an  e x t e n d e d  r u n  o f  60 s e c  
was  made t o  e v a l u a t e  t h e  f e a s i b i l i t y  and  t e m p o r a l  s t a b i l i t y  
o f  l o n g e r  r u n s .  F i g u r e  13 s h o w s  a r e c o r d  o f  m e a s u r e d  v a l u e s  
o f  a r c  v o l t a g e ,  c h a m b e r  p r e s s u r e ,  and  b u l k  e n ~ h a l p y  p l o t t e d  
e v e r y  10 s e c  and  a t  s m a l l e r  i n t e r v a l s  d u r i n g  t h e  f i r s t  10 s e c  
o f  o p e r a t i o n .  V o l t a g e  and  c u r r e n t  w e r e  w i t h i n  ±2 p e r c e n t  o f  
t h e i r  f i n a l  v a l u e s  a f t e r  2 s e c  f r o m  a r c  i n i t i a t i o n ,  a n d  
e n t h a l p y  a f t e r  8 s e c  o f  o p e r a t i o n .  The h e a t e r  o p e r a t i o n  was  
e x t r e m e l y  s t e a d y ,  a n d  no v a r i a t i o n  o c c u r r e d  i n  t h e  l e v e l  
m e a s u r e d  o f  any  p a r a m e t e r  a f t e r  10 s e c  o f  o p e r a t i o n .  

3.3 MODEL DATA 

I m p a c t  p r e s s u r e  p r o f i l e s  o f  t h e  n o z z l e  e x i t  f l o w  a r e  
shown i n  F i g .  14 f o r  c h a m b e r  p r e s s u r e s  o f  107 ,  132 ,  a n d  153 
a tm .  A p r e s s u r e  p r o b e  c o n t a i n i n g  a h i g h  r e s p o n s e  t r a n s d u c e r  
was  u s e d  t o  m e a s u r e  t h e s e  s t a g n a t i o n  p o i n t  p r e s s u r e s .  The  
p r o f i l e s  c o n t i n u e  t o  b e  " f l a t "  f o r  c h a m b e r  p r e s s u r e s  a b o v e  
100 a rm,  s i m i l a r  t o  t h e  p r o f i l e s  f o r  p r e s s u r e s  b e l o w  100 a tm 
r e p o r t e d  i n  R e f .  4 .  

T o t a l  e n t h a l p y  p r o f i l e s  o f  t h e  e x i t  f l o w  a r e  p r e s e n t e d  
i n  F i g .  15 f o r  t h e  1 5 3 - a t m  o p e r a t i o n  (Run 6 ) .  The  i n f e r r e d  
e n t h a l p y  p r o f i l e  was  c a l c u l a t e d  u t i l i z i n g  t h e  l a m i n a r  F a y -  
R i d d e l l  t h e o r y ,  t h e  p r e s s u r e  p r o f i l e  d a t a  ( F i g .  1 4 ) ,  a n d  
h e a t - t r a n s f e r  m e a s u r e m e n t s  made  w i t h  a n u l l - p o i n t  c a l o r i m e t e r  
p r o b e .  The m e a s u r e d  e n t h a l p y  p r o f i l e  was  o b t a i n e d  f r o m  
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Figure 13. Endurance run. 
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Figure 14. Impact pressure profiles at nozzle exit. 
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e n t h a l p y  p r o b e  d a t a  ( R e f .  5 ) .  The a v e r a g e  c e n t e r l i n e  i n f e r r e d  
e n t h a l p y  was  a b o u t  6 , 7 0 0  B t u / l b  c o m p a r e d  t o  a m e a s u r e d  
e n t h a l p y  o f  3 , 3 6 0  B t u / l b  and  a b u l k  e n t h a l p y  o f  3 , 5 0 0  B t u / l b .  
The i n f e r r e d  e n t h a l p y  d a t a  may he  i n f l u e n c e d  by f r e e - s t r e a m  
t u r b u l e n c e  e f f e c t s  on t h e  h e a t  t r a n s f e r .  W h i l e  t h e  s h a p e  o f  
t h e  p r o f i l e s  i n  F i g .  15 a r e  n o t  i d e n t i c a l ,  n e i t h e r  show a n y  
e v i d e n c e  o f  c e n t e r l i n e  " p e a k i n g . "  The same c o n c l u s i o n  was  
r e a c h e d  f o r  p r e s s u r e s  b e l o w  100 arm ( s e e  R e f .  4 ) .  
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Figure 15. Total  enthalpy profiles at nozzle exit .  

Heat-transfer profiles are shown in Fig. 16 f o r  five 
consecutive sweeps of a null-point calorimeter during the 
60-see endurance test (Run 17). Sweep direction and time of 
injection are shown in Fig. 13. Centerline values ranged 
from 9,600 Btu/ft2-sec for the first sweep to 10,800 Btu/ft 2- 
sec for the final sweep, representing a variation of ±6 
percent. Again, centerline "peaking" was not observed on 
any of these traverses; however, high heat-transfer rates 
did occur near position 0.15 in., especially on sweep 5. 
The reason for the nonsymmetric profile was undetermined and 
was not typical on other runs. 
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Figure 16. Nozzle exit heat-transfer profiles for the 
endurance run. 
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3.4 C O M P A R I S O N  OF P E R F O R M A N C E  W I T H  O T H E R  A R C  H E A T E R S  

The p e r f o r m a n c e  o f  t h e  AEDC 5-MW s e g m e n t e d  h e a t e r  i s  
c o m p a r e d  w i t h  o t h e r  e x i s t i n g  a r c  h e a t e r s  i n  F i g .  7 .  O p e r a t i o n  
o f  t h e  AEDC 5-MW s e g m e n t e d  a r c  b e t w e e n  30 and  150 a tm h a s  p r o -  
d u c e d  e n t h a l p i e s  6 0 -  t o  7 0 - p e r c e n t  h i g h e r  t h a n  t h e  b e s t  
p e r f o r m a n c e  g e n e r a l l y  r e p o r t e d  f o r  o t h e r  h i g h - p r e s s u r e  a r c  
h e a t e r s .  O t h e r  e x i s t i n g  s e g m e n t e d  a r c  h e a t e r s  h a v e  a l s o  
p r o d u c e d  h i g h  e n t h a l p i e s ,  b u t  t h e y  h a v e  n o t  b e e n  o p e r a t e d  
a b o v e  3 0 - a r m  p r e s s u r e  and  g e n e r a l l y  o p e r a t e d  b e l o w  15 a t m .  
T h u s ,  t h e  AEDC 5-MW s e g m e n t e d  a r c  h e a t e r  h a s  a u n i q u e  p e r f o r m -  
a n c e  c a p a b i l i t y  o f  h i g h  e n t h a l p y  a t  h i g h  p r e s s u r e .  I f  m i n o r  
m o d i f i c a t i o n s  a r e  made t o  a l l o w  h i g h e r  a r c  c u r r e n t s ,  e v e n  
h i g h e r  p e r f o r m a n c e  c a n  b e  e x p e c t e d .  

4.0 C O N C L U D I N G  R E M A R K S  

During the series of tests described in this report, the 
AEDC 5-MW segmented arc heater was operated at pressures up 
to five times higher than reported for other heaters of this 
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type. No inherent difficulties were encountered which would 
prevent operation at pressures greater than 150 atm. Segment 
failures resulted almost entirely from wall deformation and 
not overheating. Average wall heat fluxes up to nearly 6,500 
Btu/ft2-sec were measured without segment failure. Bulk 
enthalpy levels were up to 70-percent higher than reported 
for other existing high-pressure arc heaters. A correlation 
program was used which accurately predicts the heater perform- 
ance. Nozzle exit profiles of impact pressure and total 
enthalpy were basically flat with no centerline peaking. 
The effluent was observed to be clean and to have relatively 
steady intensity. Experience was gained in the operation 
of the segmented arc at pressures up to 171 atm, and several 
hardware configurations were evaluated and optimized. These 
data have been of great value during the design of the large 
segmented heater. 
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Table 1. 5-MW Segmented Arc Data Summary 

Test 5MWR20Ol Arc Heater Data 

Run Po' t .  V.  ,t .  Ho ' 11. 
Run Date Time, atm amp vo l ts  lb/sec Btu/ lb  

se¢ 

I 10-10-74 4.1 5().b 556 3140 0.126 

2 IO-23-74 16 1 511 5 533 3420 0.138 4634 36.3 

I 10-25-74 15.1 107 551 5050 0.266 4101 40 3 

4 11-06-74 5.2 124 573 5620 0.325 3934* 40.8* 

5 11-12-74 12.0 130 560 5670 0 34~ 3612 40.7 

6 11-14-74 12.1 153 573 6320 0.424 3492 41.8 3,360 

7 11-18-74 3 1 171 575 6700 0.460 3373* 41.2" Me 

12-16-14 5.1 III|D I ANODE M(DIFII:AII ~I, TIE-B(LT INSULIIOR 8REA DO,IN: EX~ 
i 

0 12-20-741 5.0 55.2 his 4140 0.128 5706* 35.6* Me( 

10-1 12-30-74:15.0 59.0 bqo 4280 0.11~ 5591 30.9 NA 

10-2 60.5 598 4080 0.135 5690 32 5 

11 1-03-75 4.6 102.O 555 6480 0.262 4477* 33.7* 

12 1-15-75! 1.1 84.1 591 4256 0.259 - 

13 1-23-75 7.9 101 551 5050 0.279 4005 41.3 

14 ?-10-75 8.0 104 550* 5090 0.264 4357* 42.4* 

15 ?-14-75 2.8 130 5770 0.343 

16 2-21-75 10.0 132 b/8 5800 0.34~ 3814 40.6 

17 2-27-75 60,1 105 522 5120 0 278 3765 40.2 

*Estimated NA - Not ava i lab le .  

FY75 

Model Data on Centerl lne of  Flow 

L I I t h d l p y  N u l l - P o i n t  I m p a c t  ' ~ e s s u r o  
Probe ~ n l o r  i t ~L l~ r  Probe" 

• Hp iC w Hln f po 

Me el Injectio~ Syst( qA 

rlo el In jec l lon  Syst( NA 

Mo el Injecl~on Syste NA 

- 42.B 

11o400 b,200 43.0 

13,600 6,700 53.0 

els Not t lected. 

ERNAL ARI 

els Not ~jected 

11,600 9,000 20.4 

Mo(els Not 1jected. 

ORIGINAl ANODE C(,NFISURAIJ IN 

NA g,o00 5,3011 35.5 

Motels Not njected 

Mo(els Not njected. 

NA 9,5(10 5.100 44 8 

NA 10,200 6,000 

Remarks 

Arc attachment on both electrodes 
upstream of optimum 

Arc attachment optlmlzed at both 
anode and cathode 

Arc attachment upstream of optlmum 
On both electrodes 

Three models Injected; recorder on 
low speed 

Enthalpy probe damaged prior tO 
run 

Arc attach~unt nearly optimum n. 
both electrodes 

Cha~neI segment failed at 
2.8 sec 

Arc attachment nornB1 On both 
electrodes. 

Non,dl arc length 
Short arc; arc attachment on anode at down- 
stream end; segment fa i l ed  at end of  run. 

Three channel segments destroyed. 

Heatp~.¢ut .of f  before condit ions 
s tan l l l zeo  

No problem encountered. 
Three 2D-MW prototype seyments 

ins ta l led .  

Channel segment f a i l ed .  

Two 2n-MW prototype segments 
survlved unaamaeo. 

Moderate anode erosion• 
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Table 2. Descriptive Test Summary for FY75 

TEST 5HWR2001 

~> 
r n  

-n 

01 
. a  
P~ 

Run 

. 

Objective Configuration Remarks 

Short shakedown Pun at 
50 atm, 550 amp 

Energy balance run at 
55 arm, 525 amp 

I n i t i a l  conf igurat ion shown in 
Fig. 3, except four upstream 
segments were ins ta l led .  Ten 
welded segments and 37 s i l v e r -  
soldered segments (of which 21 
were new) were ins ta l led  in 
the channel. The O.067-in.-  
diam o r t f i ce  was ins ta l led  tn 
the a i r  l ine  to the end plate;  
the O.O18-in.-dtam o r i f i c e  was 
in the a i r  l i ne  to the down- 
stream a i r  in jec t ion  r ing.  
A new tubular cathode assembly 
and a modified end plate 
allowed tnspectiQn of  the 
heater at each end. 

Same as Run 1, except O.078S- 
in.-dJam o r i f i c e  Ins ta l led  in 
a t r  l i ne  to end plate and 
O.028-in.-dtam o r i f i c e  i n s t a l -  
led in the a i r  l i ne  to down- 
stream a i r  in jec t ion  r ing.  

The run was good and no damage 
occurred to any components. The 
heater was inspected from both 
ends a f te r  the run without 
removing i t  from the stand. The 
arc attachment locat ion on both - 
electrodes was upstream of 
optimum, ind icat ing a need for  re- 
d i s t r i bu t i on  of the a i r  supply. 

Run was excel lent  and arc attach- 
ment locations were nearly 
optimized at both the anode and 
cathode. 



RUN 

3 

4 

5 

6 

Table 2. Continued 

Objective Configuration Remarks 

Energy balance run at Same as Run 2, except the 
O.089-in.-diam or i f ice 
installed in a i r  l ine to 
the end plate. 

100 atm, 540 amp 

Short run at 125 atm, 
550 amp 

Energy balance run at 
125 arm, 550 amp 

Energy balance run at 
150 arm, 550 amp 

Same as Runs 2 and 3, except 
the O.1015-in.-diam or i f ice 
installed in air  l ine to the 
end plate. Changed anode 
l iner (used). 

Same as Run 4, except the 
O.037-in.-diam or i f ice instal-  
led in the a i r  l ine to the 
downstream air  injection ring. 
Installed Mykroy insulator 
adjacent to upstream ai r  ring. 

Same as Runs 4 and 5, except 
the O.0465-in.-diam or i f ice 
installed in the a i r  l ine to 
downstream ai r  injection ring. 

Run was good and no damage was 
encountered. Arc attachment 
s l ight ly  upstream of optimum on 
both anode and cathode. Two 
welded segments had "hot spots" on 
them after the run; X-rays revealed 
partial blockage of water passage 
on both segments. Anode l iner  was 
severely eroded and ready for 
replacement (this l iner was used 
continuously since Run 18 in FY72 
with an accumulated time of 200 sec) 

Check run was good. Arc attachment 
was s l ight ly  downstream of optimum 
on anode and s l ight ly  upstream of 
optimum on the cathode. Boron 
ni tr ide insulator adjacent to up- 
stream ai r  injection ring eroded 
severely by the cold a i r  swirl. 

Heater was in good condition after 
the run. Arc attachment optimized on 
anode, s l ight ly  upstream of optimum 
on the cathode. Mykroy insulator 
adjacent to upstream ai r  ring was not 
eroded by a i r  swirl. 

No problems were encountered during 
the run, and post inspection showed 
the heater to be in excellent 
condition, Arc attachment was 
nearly optimum on both electrodes. 
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Table 2. Continued 

3> 
I l l  ' 

0 
(3 

3O 

U1 

t ~  
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Run 

7 

Objective 

Energy balance run at 
16S atm, 560 amp 

Shakedown run with 
Linde-type anode at 
55 atm, 530 amp 

Same as Run 8 

Configuration 
11 - -  

Same as Run 6 

Llnde-type anode and adaptor 
pieces installed upstream of 
channel segments as shown in 
Fig. 5. The O.037-in.-dlam 
or i f ice installed in the a i r  
l ine to the downstream air 
injection ring. 

Same as Run 8; external 
insulatlon on t ie  bolts and 
cathode water manlfold 
improved. 

Remarks 

I A channel segment burned through 
l after 2.8-sec run time. The heater 
I was fu l ly  pressurized; however, 
I some fluctuations in voltage and 
i chamber pressure were observed prior 
! to the segment fai lure. Peak chamber 
I pulse was 186 arm. The pressure 
I wall was deformed on the inside 

surface of six silver-soldered channel 
I i segments, probably caused by the high 
l gas pressure and wide segment wall. 

The electrodes and other areas of 
• the heater were undamaged. 
I 

I 
I 

Vacuum s ta r t  was normal, however, 
external arc occurred as airflow 
was in i t iated, Power was terminated 
S.] sac after arc in i t ia t ion .  
Damage was minor and was confined 
primarily to external tubes and 
insulators. External arc caused by 
insuff ic ient insulation on t ie  
bolts. 

Check run was good; the chamber pres- 
sure and voltage were free of 
fluctuations. Arc attachment locations 
optimum on both electrodes. 



Run 

10 

11 

12 

Table 2. Continued 

Objective 

Energy balance run at 
60 atm, 550 amp 

Energy balance run at 
100 atm, 550 amp 

Energy balance run at 
105 atm, 550 amp 

Configuration 
i 

Same as Run 9 

Same as Runs g and 10 

Linde-type anode was replaced 
with the original ring-type 
electrode. Configuration same 
as Run 5, except the 0.089-in.- 
diam or i f i ce  was instal led in 
the a i r  l ine to the end plate. 

Remarks 

The heater run was normal for 6.6 
sec, then the arc length shortened 
to near the downstream end of the 
anode tube. Attachment also 
occurred on the channel t ransi t ion 
piece upstream of the channel. No 
damage occurred and the heater 
performance was not altered signi- 
f icant ly  (compare data sum~ry points 
10-1 and 10-2). Channel segment 
fatled 0.1 sec pr ior to normal shut- 
down, but did not affect the run. 

The heater run was normal for 3.6 
sec, then arc attachment apparently 
occurred along channel wall at 15 to 20 
segment positions in the downstream 
half of the channel. Three segments 
fai led at 4.3 sec, which resulted in 
heater cutoff  at 4.6 sec. Arc 
attachment at the anode looked 
normal af ter the run. Damage was 
confined to the three segments that 
fatled and some minor external hose 
and insulator damage. 

Vacuum check indicated small water 
leak prior to run; therefore, pressure 
in the heater was above normal. After 
open circuit voltage was applied 
momentarily, the heater start was normal. 
After l.l sec the run was inadvertently 
terminated. No damage occurred to the 
heater. The water leak was from a 
s i lver-solder joint in a tapered seg- 
ment. About 80 percent of the intended 
chamber pressure was reached before 
the run was terminated. 
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Run 

13 

14 

15 

16 

Table 2. Continued 

Objective 

Same as Run 12 

Energy balance run at 
105 arm, 550 amp to 
evaluate three 20-MW 
prototype segments 

Energy balance run at 
130 atm, 560 amp 

Same as Run IS 

i 

Configuratlon 

Same as Run 12 

Same as Runs 12 and 13 except 
three 20-MW prototype segments 
were installed (one straight 
and two tapered segments were 
installed at the downstream 
end of the channel). 

Same as Run 14, except the 
0.101S-ln.-diam orifice was 
installed in the air line to 
the end plate and the 0.0465- 
in.-diam orif ice was installed 
in the line to the downstream 
air ring. 

Same as Run 15, except the 
three original 20-MW prototype 
segments were removed. Two 
replacement prototype segments 
were installed at the tapered 
locations. 

Remarks 

Run was good and no damage occurred 
to any heater components. Arc 
attachment was slightly upstream of 
optimum on the anode ring. Cathode 
attachment was normal. 

General condition of the heater was 
good after the run. Arc attachment 
was normal on both electrodes. 
Minor erosion occurred on one 20-MW 
prototype segment indicating 
possible arc attachment, but in 
general the three prototype 
segments were undamaged. 

Vacuum check revealed water leak 
prior to run; the heater run was 
normal for 2.4 sec and chamber was 
ful ly pressurized, then a channel 
segment failed and terminated the 
run. The wall of two 20-MW proto- 
type segments collapsed and an 
internal water leak was found in 
the third one, which apparently 
caused the water leak before the 
run. 

Run was good and no damage 
occurred to any heater components. 
Arc attachment nearly optimized on 
both electrodes. The two 20-MW 
prototype segments were not 
damaged. 

m 

C) 

3O 

lJ1 

~J 



UJ 
UJ 

Run 

17 

Obj ecti ve 

60-sec endurance run at 
100 atm, 520 amp 

Table 2. Concluded 

Confi guratt on 

Same as Run 16, except the 
0.037-tn.-diam or i f i ce  Instal led 
in a i r  ltne to the downstream 
ai r  injection r|ng. 

Remarks 

Heater ran successfully for 60.1 
sec without problems. Arc attach- 
ment was optimized on both 
electrodes; no evidence of any 
damage inside the heater, The 
anode surface was mderately 
eroded but had been Instal led 
since Run 12. 
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AEDC-TR-75-127 

D* 

Hinf 

H 
O 

Hp 

H 
S 

I 

M 

Po 

Po 

qcw 
V 

NOMENCLATURE 

Nozzle throat diameter, in. 

Total enthalpy inferred from heat-transfer rate, 
Btu/lbm 

Total enthalpy from energy balance, Btu/ibm 

Total enthalpy from enthalpy probe, Btu/lbm 

Sonic flow enthalpy, Btu/ibm 

Arc current, amp 

Mach number 

Air mass flow rate, ibm/sec 

Total pressure, arm 

Impact pressure, atm 

Cold wall heat flux, Btu/ft2-sec 

Arc voltage, v 

Efficiency, percent 

SUBSCRIPTS 

corr Correlation value 

34 


